In the removal of organic micro-pollutants from water, in addition to microporous there are mesoporous adsorbents that are increasingly gaining in importance. Mesoporous silica-based materials like MCM-41 have a high specific surface area and a large pore volume, properties that provide a high adsorption capacity towards pollutants. However, these materials have low hydrothermal stability which represents the main disadvantage in their wider usage in water treatments. Through the optimization of synthesis parameters and various post-synthetic modifications, better material characteristics may be achieved. Usually applied techniques for the material characterization are X-ray diffraction, N 2 -BET method, SEM, TEM and FTIR. The removal efficiency of water pollutants is determined by the MCM-41 structure, but also by the chemical structure of pollutants and in general depends on the pH and ionic strength of the treated water solutions.
Introduction
Microporous adsorbents, like activated carbon or zeolites with high Si/Al ratio are commonly used for the removal of organic micro-pollutants from gaseous and water samples. Due to the presence of a number of narrow pores inside the total porous system, these materials may have a relatively low adsorption capacity for larger organic molecules, and internal diffusion restrictions may occur during the adsorption process. Frequent pore blocking with stereo-chemically large molecules of pollutants in exclusively microporous adsorbents contributes to difficult regeneration of these adsorbents. The potential internal and external diffusion restrictions, in microporous adsorbents applied in adsorption studies, give an advantage to mesoporous adsorbents. Mesoporous silica-based materials have both amorphous characteristics of gels and the ordered structure of crystalline materials. In the organic pollutants removal these materials have become more and more important, because they can be adjusted to target molecules with the help of the template synthesis method, may be economically regenerated and reused. The commonly used mesoporous silica-based materials are with small pores: hexagonal arranged MCM-41 (MCM-Mobil Composition of Matter) and cubic arranged MCM-48, and with large pores: hexagonal SBA-15 (SBA-Santa Barbara Amorphous) and cubic SBA-16 and a range of hexagonal mesoporous silica [1] .
Material nature Mesoporous silica is an adsorbent of good choice due to the arranged mesoporous structure with a uniform pore size (2-50 nm), which enables selective adsorption of small molecules. A high surface area (≈ 1600 m 2 /g) and a large pore volume of mesoporous silica-based materials are responsible for their high adsorption capacity [2] . A limiting factor in wider application of these materials is low hydrothermal stability, which is reflected in typical pore shape loss/deformation and pore size reduction after a prolonged contact with alkaline aqueous solutions and at increasing temperatures [3] . The approach to increase hydrothermal stability is to control pH and ionic strength of the solution and to change the conditions and template-removing techniques during the synthesis procedure [4] [5] [6] . Thermal stability of MCM-41 can be improved remarkably by using low molar ratio of surfactant/ tetraethyl orthosilicate (TEOS) during the hydrothermal synthesis process [7] . The indicators of good hydrothermal stability are pores with the hexagonal shape in the range 50-80% of the total volume/structure, which was achieved by the synthesis carried out in different mother-liquids [8] . The use of aqueous and alkaline-aqueous solutions in the preparation procedure of silica-based materials resulted in highly-ordered MCM-41 with the hexagonal pore shape and relatively low hydrothermal stability, whereas the application of an ammonia-alcoholic solution gave the ordered material with a pore shape between a hexagonal prism and cylinder and with high hydrothermal stability [8] . Post-synthetic modification, as a way of hydrothermal stability optimization, showed that the treatment of MCM-41 surface with TEOS did not result in higher wall thickness as expected, but in pore blocking. Moreover, coating with aggregated form of silica (Na 2 SiO 3 × 9H 2 O) gave better results, i.e. defective areas reconstruction and higher hydrothermal stability of MCM-41 [8] . Higher wall thickness can be also achieved by silylation and phenylation of MCM-41 silanol groups [9] . [10] mesoporous molecular sieves are formed by a ''liquid-crystal templating'' mechanism, where as they stated ''inorganic material occupies the continuous solvent (water) region to create inorganic walls between the surfactant cylinders''. In other words, the synthesis of silica-based mesoporous materials is based on the use of template around which arranged tunnels are formed, by covering silica precursors through the process of polycondensation ( Figure 1) . As compared to the original MCM-41 synthesis, besides cetyltrimethylammonium bromide (CTAB) as cationic surfactant from the class of quaternary ammonium, salts can be also used ammonium salts with other counter ions (CTAX; CTA + -cetyltrimethylammonium cation; X --tosylate or chloride anion) or even surfactant mixture CTAX + amphiphilic copolymer Pluronic F68 are usually used [11] , while as silica precursors alkoxides (TMOS -tetramethyl orthosilicate; TEOS -tetraethyl orthosilicate) or cheaper sodium-silicate [3] . The parameters of the preparation procedures and selected textural and/ or morphological characteristics of synthetized MCM-41 are given in Table 1 .
The morphology of the final silica-based material depends on synthesis conditions, i.e. reaction time, pH of the mother-liquid, a surfactant type and concentration, the surfactant/silicon mole ratio [3, 8, [10] [11] [12] [13] . The longer reaction time, for example, makes the MCM-41 pore size decrease [12] . The use of ammonium surfactants with different chain length (n = 8, 9, 10, 12, 14, 16) results in MCM-41 materials, each with different XRD spacings [13] . The carbon chain length of the surfactant determines the dimensions of formed micelles and thereby the dimensions of the MCM-41 pores i.e. the MCM-41 pore diameter increases with the surfactant chain length [13] . The development of the mesoporous structure of the synthesized material is achieved by surfactant removal through several processes, commonly by the process of the calcination/thermal treatment. However, in the aqueous solution calcined meso-silica has low binding affinity towards hydrophobic pollutants due to high silanol group density in meso-tunnels. Hydrophobicity of silica can be improved by silanol group functionalization, i.e. by the post-synthesis grafting process or the co-condensation process [3] . Silylation of MCM-41 with hexamethyldisilazane (HMDS) increases the carbon content in the silica matrix up to 8.5%, whereas silanol density decreases from 2.31 to 0.87 OH/nm 2 , leading to the loss of water binding capacity in the case of higher silylated MCM-41 [9] .
Characterization
The characterization of the synthesized material is achieved by using various techniques like transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD) technique, N2-BET method and Fourier-transformation Infrared Spectroscopy (FTIR) [8, 9, 11, 14, 15] . TEM provides information about material morphology of/in higher resolution, whereas the importance of SEM is in determination in smaller resolution ( Figure 2 ). Brigante and Avena [11] have synthetized MCM-41 by using the mixture of two surfactants, one of which (Pluronic F68) is used in SBA-16 synthesis [16, 17] , so there was a possibility to obtain a material with both hexagonal and/or cubic structure. The obtained wall thickness of 1.47 nm determined by SEM, which does fit the range of 0.8-2.5 nm for MCM-41 material, confirmed that the synthesized material was MCM-41.
XRD technique allows the secondary electron density maps calculation which then can be used to track the changes in hydrothermal properties -in the crystal structure of MCM-41 caused by different synthesis conditions [8] and the determination of the structure arrangement of MCM-41 after post-synthetic modifications [9] . XRD pattern containing three peaks with decreasing intensity, indexed as (100), (110) and (200) (Figure 3 ) is typical for a material with hexagonal lattice arrangement [18] and it is a proof that the synthesized material is MCM-41. The decrease in the intensity of peaks at Bragg angles bigger than the same ones of the first peak indicates a lower so-called "long-range"/3D ordering of the pore structure [9, 19] and the inversion of the intensity of these peaks indicates the occurrence of new micro-pores in the structure [8] . The process of capillary condensation of gases is typical for porous materials and is used for the specific surface area and pore size (range) determination, by studying sorption isotherms [20, 21] . Commonly stud-ied isotherms are nitrogen isotherms (figure 4) which for mesoporous silica materials belong to the type IV of sorption isotherms, with a sharp increase of the adsorbed nitrogen volume at the medium relative pressure (P/Po) [9, 11] . The relative pressure at which the condensation begins depends on a pore diameter, i.e. these two values are inversely proportional [22] . Thus, for calcined MCM-41, with the pore size of 3.32 nm, nitrogen condensation occurs at P/Po = 0.06, whereas for phenylated and silylated MCM-41, with the pore size range of 2.78-2.91 nm, at higher relative pressures of 0.16 [9] . Uniformity of the pore size affects the condensation, where with the less pore uniformity, the less sharp is the pore condensation step [22] . Moreover, the uniformity of the pore diameters influences the occurrence or the absence of hysteresis loop in sorption isotherms. Hysteresis loop is not common for MCM-41 with the uniform pore size [9] , whereas for plate-like particles, i.e. slit-shaped pores hysteresis loop of type H3 is manifested [11, 22] . . FT-IR spectra of mesoporous silica [11] FTIR characterization of MCM-41 ( Figure 5 ) shows several absorption maximums: at 3504 cm -1 -a broad band related to OH stretching of silanol groups; at 1654 cm -1 -a peak related to OH bending from water molecules; at 1078 cm -1 -a peak related to asymmetric Si-O-Si vibrations and at 795 cm -1 related to symmetric Si-O-Si vibrations; at 962 and 465 cm -1 -peaks associated with Si-O-Si bending [23] .
Removal of selected organic micro-pollutants from water samples Influence of modification of adsorbents There are several factors affecting MCM-41 removing efficiency of organic micro-pollutants. As mentioned before, calcined MCM-41 has low affinity towards water pollutants, so many modifications are carried out in order to improve adsorbent hydrophobicity and thereby affinity. In tetracycline removal from water, MCM-41 impregnated with zeolite A is much more efficient than non-modified MCM-41 [15] . The adsorption capacity of acetylsalicylic acid over hydrothermally synthesized iron oxide-mesoporous silica MCM-41 composites was much higher than over non-modified MCM-41, i.e. the adsorption capacity increases from 0.052 for the non-modified adsorbent to 6.189 mg/g for the adsorbent with 12.37 Fe/Si molar ratio [24] . Also, after functionalization of MCM-41, DEET (N, N-diethyl-m-toluamide) the adsorption increases from 8.2 to 175.4 mg/g for highly silylated MCM-41 [9] .
Adsorption and kinetic studies In adsorption studies, isotherm models are used to measure the adsorption capacity of the adsorbent, equilibrium constant and the adsorbate distribution between the liquid phase and the solid phase. The Langmuir isotherm model is used to describe homogeneous, while the Freundlich isotherm model is applicable to heterogeneous adsorption systems. In most cases, the adsorption of pollutants over modified or non-modified MCM-41 is better described with the Langmuir isotherm model, which suggests that the MCM-41 as adsorbent is homogeneous and the adsorption layer over its surface is monomolecular [25] [26] [27] .
The pseudo-first order and pseudo-second-order equations are usually used to describe the adsorption mechanism of the solid adsorbent in the solution. The adsorption process of pollutants on MCM-41 is in accordance with pseudo-second-order kinetics [25, 26, 28] and in general, pollutants are adsorbed relatively quickly ( Figure 6 ).
For example, the time required to reach the adsorption equilibrium for the nitrobenzene-MCM-41 system [27] and the nitrobenzene-surface silylated MCM-41 system [29] is achieved within 1 min. [26] . After the same time, equilibrium was reached for the system phenanthrene-template-containing MCM-41 [28] .
Influence of adsorbent dose
The adsorbent dose positively affects the pollutant removal percentage, e.g. the removal percentage of phenanthrene increased up to 94% with the increase in template-containing MCM-41 dose up to 0.4 g/L, mainly due to the increase in number of active adsorption sites [28] . Furthermore, methyl blue adsorption capacity increased with the amount of Ni-MCM-41 and reached its maximum at 20 mg of the adsorbent [30] . However, the percentage removal of phenol and o-chlorophenol increased with the increase in MCM-41 dose while loading capacity (the amount of phenol/o-chlorophenol loaded per unit weight of adsorbent) decreased [31] .
Influence of initial pH
Adsorption of pollutant on MCM-41 is pH dependent [11, 14, 15, 32] , because of the nature of adsorbent-surface interaction. For example, the adsorption capacity of o-chlorophenol and phenol is constant at 11>pH>7 and 9>pH>7, respectively, where at acidic pH the adsorption capacity of both of them decreases due to the interaction of protons with silanol groups of MCM-41 via hydrogen bonding [31] . MCM-41 isoelectric point is at pH=2.63, which means that above this pH, the adsorbent surface has a negative charge due to the presence of -SiO -species, and bellow 2.63 the surface is positively charged due to -SiOH2+ species [3] . In which way pH affects the adsorption also depends on the pollutant structure. The adsorption of cationic pesticide paraquat from the aqueous solution, which binds to the adsorbent by electrostatic interactions and ion-pairs formation increases as pH increases, due to the creation of a larger number of negatively charged sites that can bind cationic pesticide [11] . On the other hand, bentazone adsorption on MCM-41 decreases as pH increases and becomes insignificant at a neutral pH [32] . The removal percentage of bentazone from lake and wastewaters by using adsorbent MCM-41 is 61 and 73%, respectively [32] .
Influence of adsorbent dose The adsorbent dose positively affects the pollutant removal percentage, e.g. the removal percentage of phenanthrene increased up to 94% with the increase in template-containing MCM-41 dose up to 0.4 g/L, mainly due to the increase in number of active adsorption sites [28] . Furthermore, methyl blue adsorption capacity increased with the amount of Ni-MCM-41 and reached its maximum at 20 mg of the adsorbent [30] . However, the percentage removal of phenol and o-chlorophenol increased with the increase in MCM-41 dose while loading capacity (the amount of phenol/o-chlorophenol loaded per unit weight of adsorbent) decreased [31] .
Influence of ionic strength Natural waters contain a certain percentage of salts which is the reason why the impact of the ionic strength of the solution must be taken into account. As the concentration of salts increases, the number of available charges of silica decreases due to the specific adsorption of the opposite charged ions. In other words, as the ionic strength increases, the adsorption of species with the same charge as the surface charge increases, whereas the adsorption 6(1) (2017) 50-57 of species with the charge opposite of the surface charge decreases [11, 33] . Pre-concentration validation of drugs from water onto MCM-41, done by Dahane et al. [14] revealed that within the salts concentration range 10 -4 -10 -1 M, the best recovery of drugs (71-95%) is obtained for the salt concentration of 1×10 -3 M. Pollutants recovery and adsorbents regeneration The nature of the interaction of the pollutant and adsorbent affects pollutant desorption, which is significant for the pollutant recovery and easiness of the adsorbent regeneration. For pesticides mentioned above, in case of bentazone, the regeneration of 47% is achieved with water as eluent and 70% with the methanol-NaOH mixture [32] , whereas 30% of paraquat is removed with water and 75% with 0.2 M HCl [11] .
Conclusions
Due to unique characteristics like the medium pore size, pore size uniformity and an ordered tunnel structure mesoporous silica-based materials have become significant in adsorption and treatment of various polluted matrixes/media, including water. One of the most common silica-based materials is MCM-41 which has an ordered hexagonal structure. The research being conducted on this material reveals various relatively controversial data. Synthesis conditions, i.e. pH of the motherliquid, the composition and the ratio of reactants and additives affect morphological characteristics of the final adsorbent. Also, the final adsorbent does not have ideally balanced properties when it is used in the removal of micro-pollutants from water. In order to improve adsorbent hydrophobicity and affinity towards pollutants, various post-synthetic modifications have been conducted. Those modifications have also been conducted in order to increase mesopore wall thickness, thereby increasing hydrothermal stability, which for MCM-41 has shown to be low. Hydrothermal stability does not correlate with highly ordered MCM-41 with a hexagonal pore shape, but with the material with a relatively usual degree of ordering, and with pore shapes somewhere between the hexagonal prism and cylinder.
The removal efficiency of organic pollutants from water over MCM-41 and chemically modified MCM-41, like drugs or pesticides, is satisfactory with careful procedure optimization. The factor that most affects the adsorption degree, due to the nature of MCM-41, is pH. Depending on the pH and the pollutant nature, adsorbate-adsorbent interactions are both hydrogen bonding and/or electrostatic interactions. When these last mentioned are the main interacting route, the adsorption capacity of pollutants becomes additionally dependent on the ionic strength of the solution. This factor must certainly be taken into account, because salts are natural components of water. Pored mikroporoznih materijala koji se uglavnom koriste za uklanjanje organskih polutanata iz vode, mezoporozni materijali sve više dobijaju na značaju. Mezoporozni silikatni materijali kao što je MCM-41 imaju veliku specifičnu površinu i veliku zapreminu pora, osobine koje omogućavaju visok adsorpcioni kapacitet polutanata. Ovi materijali imaju i nedostatke, kao što je niska hidrotermalna stabilnost, koja predstavlja glavni problem šire primene u prečišćavanju voda. Bolje osobine materijala se mogu postići kroz optimizaciju parametara sinteze i različite postsintetske modifikacije. Instrumentalne tehnike koje se koriste u njihovoj karakterizaciji su XRD tehnika, N 2 -BET metoda, SEM, TEM i FTIR. Efikasnost uklanjanja polutanata iz vode je uslovljena strukturom MCM-41, ali i hemijskim sastavom i strukturom samog polutanta i u velikoj meri zavisi od pH i jonske jačine vodenog rastvora. 
